Heat transfer through building opaque envelope is responsible for approximately half of the total heat loss and gain to and from the surroundings. Therefore, insulation materials are commonly used in the building envelope to reduce the heat transfer. Recently, lightweight wall materials with lower thermal conductivity are used in construction along with the commonly used materials such as heavy concrete and earthen materials. In this perspective, there is a need to understand the optimum insulation thickness for different types of building construction materials to minimize unnecessary usage of insulation materials. This study investigated the optimum insulation thickness for different construction materials following a life-cycle approach, where an analytical optimization methodology based on the degree-days method and life-cycle cost analysis was used. In total, 4 insulation materials and 15 building construction materials were considered in the optimization study. The objective function was to minimize life-cycle cost corresponding to the decision variables including insulation thickness and the thermal conductivity of insulation and wall materials. The results showed that the use of insulation in lightweight wall materials is not economically feasible because of their negligible
Introduction
Buildings are essential to human beings as they provide acceptable level of thermal comfort to occupants and operating conditions for manufacturing process (Kumar et al., 2018a) . However, the building sector consumes 32% of primary energy use (Alam et al., 2019) . Buildings are responsible for one-third of the total global greenhouse gas (GHG) emissions (Berardi, 2017) . The building energy consumption is expected to be double by 2050 due to rapid development in technology, population growth, swelling urbanization, and change in lifestyle. In addition, human beings spend around 90% of their time in buildings (Shaikh et al., 2014) ; therefore, the sustainable built environment is designed to reduce energy consumption and improve occupant's comfort. According to Causone et al. (2017) , the building envelope is a key element to achieve sustainability in building sector. In buildings, the heat loss and gain through its envelope to and from the surrounding is responsible for 50%-60% of total heat transfer (Ascione et al., 2019a) . Heat transfer not only affects the indoor environment of the building but also impacts on the thermal performance of building services. Heat transfer depends on numerous parameters such as wall and insulation materials' thermal properties, configurations and dimensions, wall structure types, indoor thermal comfort conditions, and weathering parameters (Souayfane et al., 2019) . The wall material and insulation types are key factors to design energy-efficient building envelope. A brief review of recent literature related to insulation thickness optimization and thermal characteristic of wall material is presented in the following sections.
Optimum insulation thickness of building wall
Many studies are conducted to estimate the heat transmission loss through the building walls and roof using dynamic heat transmission (Daouas, 2011; Ozel, 2019; Ramin et al., 2016; Saafi and Daouas, 2018) , experimental (Cuce et al., 2014) , and degree-day/hour methods (Alsayed and Tayeh, 2019; Feng et al., 2019; Huang et al., 2019; Ku¨c xu¨ktopcu and Cemek, 2018; Vincelas et al., 2017; Yuan et al., 2017a Yuan et al., , 2017b , which are fed in life-cycle cost (LCC) analysis to determine the optimum insulation thickness corresponding to maximum cost savings (sum of insulation cost and operation cost). For instance, the dynamic heat transfer and the LCC analysis were conducted by Daouas (2011) to calculate optimum insulation thickness for single-layered brick wall considering different orientation. He found optimum insulation thickness of 10.15 cm at maximum energy savings of 71%, respectively. His another study investigated the impact of longwave radiation and aging effect of color on optimum insulation thickness for wall and roof (Saafi and Daouas, 2018) . They found that both reduce the value of optimum insulation thickness depending on climatic conditions. Moreover, solar shading also reduces the optimum insulation thickness for wall (Wati et al., 2015) . In Iran, Ramin et al. (2016) examined a single-layer wall's optimum insulation thickness considering two different wall materials (aerated brick and concrete block) and two different plaster materials (interior cement plaster and external gypsum plaster). They used the dynamic heat transfer method for heat transfer estimation and LCC for assessment of the impact of selected wall materials on optimum insulation thickness of the wall. They proved that the use of insulation in concrete wall had 70%-80% greater energy-saving potential than aerated brick. In United Kingdom, Cuce et al. (2014) used superinsulation materials (aerogel) in a traditional house, which was not economically feasible, despite having higher energy-saving potential, due to the high initial cost of insulation. Ozel (2019) calculated the influence of glazing area and window types on optimum insulation for opaque and transparent wall only, while Feng et al. (2019) considered the whole building envelope. They found that both variables had reduced the optimum insulation thickness of the wall.
On the contrary, the degree-days method and LCC analysis have been used in recent studies. Yuan et al. investigated the optimum insulation thickness considering different climatic zones of China (Yuan et al., 2017b) and Japan (Yuan et al., 2017a) using degree-days method and LCC analysis. The optimum thermal resistance was 2.5, 2.1, 1.8, 1.3, 0.9, and 0 m 2 K/W for zone I, zone II, zone III, zone IV, zone V, and zone VI, respectively, in Japan. In 32 regions of China, the use of optimum insulation thickness (OIT) in the exterior wall had potential to decrease average energy cost and CO 2 emission by $5/m 2 -year and 27 kg/m 2 -year, respectively. In the same period, Vincelas et al. (2017) found that wall made up of sundry earth block with extruded polystyrene had the least LCC of $23/m 2 compared to stone and concrete block. Ku¨c xu¨ktopcu and Cemek (2018) found that the wall insulated with extruded polystyrene had produced energy savings between 15.38% and 69.90%, while expanded polystyrene (EPS) insulation materials offered energy savings between 21.82% and 70.61%, depending on the locations and fuel types. Turkish poultry building wall insulated with extruded polystyrene and space heating obtained with natural gas had dwindled the least GHG emission (39.82%), while Erzurum has the highest value of GHG emission reduction of 83.98% in the case of expanded polystyrene and liquefied petroleum gas (LPG). Evin and Ucar (2019) showed that the use of rock wool insulation in external wall of Turkish residential buildings was more eco-efficient (least GHG emission) than others (expanded polystyrene, polyurethane, and glass wool) with least cost-saving potential. Gounni et al. (2019) introduced new insulation material as an alternative to expand polystyrene and rock wool for Markonian building, which had optimum insulation thickness under the acceptable range of conventional materials. Huang et al. (2019) investigated that the fuel source of heating system installed in building had significant impact on optimum insulation thickness for exterior wall such as 161.8 and 83.5 mm for natural gas and coal, respectively. Alsayed and Tayeh (2019) calculated the optimum insulation thickness of the wall using degree-days method and LCC analysis considering the volatility of electricity cost. They found that the use of polyurethane in Palestinian buildings was most economic option depending on degree-days, electricity price, economic conditions, and performance of heating and cooling systems.
Thermal performance of building wall materials
Several studies were conducted on thermal performance of the building materials irrespective of LCC savings. For instance, Tang et al. (2015) conducted parametric study including the variation in hole arrangements, insulation, and brick materials to estimate the heat transfer characteristics of hollow brick (240 mm 3 115 mm 3 90 mm) wall with 10-mm thick insulation layer around the hole. Their study revealed that the use of low thermal conductive mortar and brick materials reduces the equivalent thermal conductivity by 20.3% and 61.1%, while the optimum configuration of hollow bricks was rarely affected. Chen et al. (2016) investigated the thermal performance of hollow-core masonry walls and concrete slabs as a ventilated Building-Integrated Thermal Energy Storage (BITES) to ensure fast thermal storage and release. The results showed an improvement in the time lag and decrement factor, which means the building under intermittent cooling and heating load would be cost-effective at given thermal transmission load (Meng et al., 2019) . Xama´n et al. (2017) improved the conventional roof (hollow block and concrete slab) by modifying with (a) reflective material (gray, black, and white), (b) insulation material, and (c) both reflective and insulation materials for assessment of dynamic behavior under 24 h in cooling and heating seasons. Their numerical outcomes confirmed that the insulated roof with white reflective coating reduces the heat transmission load by 32.4% and 46.3%, respectively. In another study, a similar method was applied on commonly used wall materials (red brick, solid block, and hollow block) in Mexican buildings for a period of 24 h in the warmest and coldest climate of three selected cites (Merida, Zacatepec, and Hermosillo) (Uriarte-Flores et al., 2019) . However, the cost-optimal optimization was not conducted in those studies.
The thermal resistance to heat loss through Malaysian residential buildings external wall reduces by using compressed earth block instead of conventional materials (Razman et al., 2010) . Zhou et al. (2014) added a gypsum layer in the concrete wall to improve its thermal performance. They proved that the designed wall material had lower thermal conductivity than concrete wall. Moreover, the hollow concrete block had lower heat loss through wall than dense concrete one (Henrique dos Santos et al., 2017) . Rahman et al. (2015) mixed the coal ash in brick material, which had decreased the thermal conductivity of the brick and also improved its strength. Moreover, the thermal conductivity of eco-concrete and sustainable wall material was lower than the commonly used construction materials in Tunisian (Rahmouni et al., 2019) and Nigerian buildings (Odunjo et al., 2015) . Udawattha and Halwatura (2016b) determined that the building constructed using mud concrete block had higher thermal performance than that made up of brick and cement concrete block in Sri Lanka. Asadi et al. (2018) extensively revised the literature regarding thermal conductivity of concrete materials and concluded that the lightweight concrete materials were more sustainable than other concrete building materials. Rinco´n et al. (2019) determined that the conventional earthen material (adobe) wall had poor dynamic characteristics than super-adobe or earth-bag wall in dwelling of sub-Saharan African climate.
Research needs
Given that different building construction materials have different thermal properties, there is a need to understand the optimum insulation thickness for each building construction material type. The economic insulation thickness corresponding to minimum LCC is termed as an optimum insulation thickness, which considers the present energy and insulation costs with respect to the inflation rate and interest rate over the expected lifetime of the building (Nematchoua et al., 2017; Orzechowski and Orzechowski, 2018) .
Research aim and objectives
This study aims to determine the economic feasibility of using insulation materials in the wall with lightweight and low carbon materials. It first identifies the thermal resistance properties of lightweight and conventional construction materials along with commonly used insulation materials. Then, an analytical optimization methodology is formulated based on the degree-days method and LCC analysis to estimate the economic feasibility of assessment parameters. The optimization algorithm is applied to reference and insulated wall with selected construction materials to determine the optimum insulation thickness of the wall corresponding to minimum LCC, maximum cost savings, and minimum payback period of insulation materials.
Methodology

Analytical methodology of insulation thickness optimization
The developed methodology to optimize insulation thickness is presented in Figure 1 . It first collects the relevant data regarding reference building wall and other related wall materials found in the literature, insulation materials and their associated initial cost, climatic conditions, and economic parameters. The preliminary data are analyzed from LCC perspective. Using LCC analysis, the optimum thermal insulation thickness for the wall corresponding to minimum LCC and maximum cost savings are estimated. Finally, the economic feasibility of the use of insulation in the wall with lightweight and conventional materials is determined based on the minimum value of payback period for its practical implications. 
Data collections
Selection of reference building and wall materials. This study considers the building of the Department of Civil Engineering, Mehran University of Engineering and Technology, Shaheed Zulfiqar Ali Bhutto Campus, Pakistan (N#22.2, E#68.85) as a case study. The building is oriented in the north-south. It is a 36-ft tall double story building and occupies the floor area of 3500 sq. ft. It has total building wall surface of around 32,481 sq. ft including window area of 2000 sq. ft. The layout of the selected building is shown in Figure 2 , and its external wall configuration is illustrated in Figure 3 . Figure 3 gives information about the structure of the reference building wall. This structure of the wall is also known as a sandwich wall. It is constructed of an inner cement coat of 25 mm, plaster cement of 30 mm, concrete block of 150 mm, optimum insulation thickness (t opt ), and external fire bricks of 75 mm. The different construction and insulation materials used for the building wall thermal optimization are shown in Figure 4 , and their physical properties are given in Table 1 . The design parameters of the sandwich wall dimension are collected from the University's Department of Project and Development. The thermal conductivity of construction and insulation materials is obtained from the available literature as cited in Table 1 . Moreover, the indoor thermal comfort conditions were selected according to the recent suggestion of Amber et al. (2018) in the heating and cooling degree-days map of Pakistan as given in Table 2 . Reference building's surrounding conditions and economic circumstances. The monthly maximum and minimum temperature, relative humidity, and wind speed were obtained from online world weather data for Sukkur from World Weather Online (2018). The average monthly temperature for the estimation of cooling and heating degree days for each month was obtained from the Metrological Department of Pakistan (N. M. G. o. R. a. D. Division, 2018). The heating and cooling degree days were estimated using the expression given in the study by Amber et al. (2018) and other relevant studies. Moreover, the indoor and outdoor heat transfer coefficients were selected (6 and 22 W/m 2 K, respectively) as suggested by ASHRAE (1989) , which is also reported in the study by Axaopoulos et al. (2015) , Daouas, (2011), Kumar et al. (2017) , and Wati et al. (2015) . It should be noted that the outdoor heat transfer coefficient changes with wind speed. As a result, the outdoor heat transfer coefficient is different for different months of the year. Defraeye et al. (2011) proposed an equation to calculate the outdoor heat transfer coefficient considering variable wind speed. According to this equation, the outdoor heat transfer coefficient for the Sukkur region during cooling period varies from 14.8 to 24.2 W/m 2 K, as shown in Table 2 . Use of different transfer coefficients for different months will give us different values of optimum insulation thickness, which is not practical. To be on the more conservative side, we used ASHRAE recommended value of 22 W/m 2 K, which is close to the maximum value obtained from the expression of Defraeye.
Moreover, the sum of cooling degree days for cooling season was considered in the analysis as given in Table 3 . The different values of coefficient of performance (COP) of the cooling system were reported in the literature, but this study has chosen 3.2 because it is the COP of split air conditioner installed in the studied building, which is also reported in the study by Solmaz (2018). In Table 3 , the electricity price was obtained from the website of National Electric Power Regulatory Authority (NEPRA), Pakistan, and it was converted into dollar according to the prevailing conversion factor for the month of January 2019 (National Electric Power Regulatory Authority (NEPRA), 2018). While the economic parameters (inflation and interest rate) and building service lifetime were obtained from the studies by Kumar et al. (2018b) and Daouas (2011) , respectively. The parameters given in Tables 1-3 are used to conduct the LCC analysis for assessment of the most cost-optimal combination of construction and insulation materials for selected building in the hottest climatic region of Pakistan.
The cooling and heating degree days throughout the year for Sukkur are illustrated in Figure 5 . The figure demonstrates that Sukkur is a cooling dominated 
LCC analysis
The LCC analysis is used to calculate the economic benefits of different insulation materials and energy sources used for the LCC optimization of building walls. It calculates the maximum cost saving corresponding to a minimum payback period of the insulation cost over expected building lifetime. The LCC analysis is used to determine the optimum insulation thickness for building wall considering the effect of inflation and interest rate on fuel and insulation cost. (5) Estimation of heating and cooling degree days. Degree-days approach is the best approach to relate building energy consumption (heating and cooling) with outdoor temperature. Degree-days value is basically summation of mean temperature deviation from the base temperature over the time, thereby it deems both extremity and duration of ambient temperature (Evin and Ucar, 2019; Shanmuga Sundaram and Bhaskaran, 2014) . The base temperature is a balance point temperature at which mechanical system should be switched on/off corresponding to outdoor temperature to provide thermal comfort and control indoor air quality for occupants and manufacturing processes. Being dependent on outdoor temperature, they are widely calculated on the basis of hourly, daily, monthly, and yearly mean ambient temperature. The expression used for the estimation of cooling degree-days and heating degree-days are as follows (Amber et al., 2018) .
where N c and N h represent the number of cooling and heating days in a month, T m, i and T b are the monthly mean outdoor temperature in month i and base temperature 20°C for heating and 24°C for cooling (Amber et al., 2018) .
Heat gain through the wall and insulation material economy. The amount of heat gain through the wall is calculated as Table 3 . Thermoeconomic parameters and fuel properties considered in the analysis.
Parameter value
Interior room conditions T i = see (Daouas, 2011; Wati et al., 2015) where _ Q in , CDD, and R represent heat gain, cooling degree-days, and total thermal resistance of the wall, respectively. The total thermal resistance for an uninsulated and insulated wall is calculated as
The cooling saved through wall is expressed as
The annual energy cost savings (C E ) is calculated as
where _ Q is the energy saved by insulation materials, HV and COP represent lower heating value of energy source used and COP of air conditioning system, which are given in Table 3 . The initial investment cost is calculated as
where u ins ¼ 2pr ins Lt is the quantity of insulation material needed and C ins is the insulation material cost.
To estimate insulation economy, the ratios of life-cycle energy cost (P 1 ) and operating expenditures (P 2 ) to initial investment are essential to identify because they are depending on lifetime (LT), interest rate, and inflation rate Ozel (2019), Evin and Ucar (2019) . The P 1 and P 2 are calculated as 
where MR and SV are the maintenance to initial investment ratio and salvage value to initial investment ratio, and both are equal to zero (Ozel, 2019; Evin and Ucar, 2019) . Therefore, P 2 = 1. On the basis of P 1 and P 2 , the total LCC incurred on wall is calculated as
The cost saving over expected lifetime of the wall is calculated as
The payback period (PP) of initial investment recovered by fuel saving over expected lifetime of heating, ventilation and air conditioning (HVAC) system is calculated as
The optimum insulation thickness for the building wall is estimated by minimizing equation (11). Thus, it is achieved with derivation of equation (11) with respect to t ins ð∂LCC=∂t ins Þ, setting its derivative equal to zero and integrating with boundary conditions, that is t 1 and t ins . The obtained value of optimum insulation thickness is estimated as
Results and discussion
Results
The effects of insulation thickness on LCC, cost savings, and payback period of the selected insulation types for different wall materials are presented in Figures 6-8 . The values of optimum insulation thickness at which minimum LCC corresponding to maximum cost savings and minimum payback period incurs on an insulated wall are given in Table 4 . The outcomes of this study are compared to those of the other relevant previous studies and are tabulated in Table 5 . The results of this study are discussed as follows.
Influence of decision variables on the LCC of the insulated wall. Figure 6 (a)-(d) exhibits the effect of insulation thickness on LCC of different insulation types for selected wall materials. Increasing the insulation thickness on the wall types decreases the LCC incurs on the insulated wall. The LCC incurs on the different wall types and is minimized to determine the optimum insulation thickness by increasing the insulation thickness. Once optimum insulation thickness is achieved, further addition of insulation layer on the selected wall materials escalates the LCC. This is not an economically optimal solution for building wall's cost optimization because insulation cost increases at a higher rate than fuel cost savings . As shown in Figure 6 , the LCC of the different wall materials varies with selected construction materials, insulation types, and cost. Overall, the use of lightweight construction materials (air-filled hollow brick, autoclaved aerated concrete block, ash-mixed fire bricks, claytec bricks, and eco-concrete) in the wall has the least LCC of insulation. On the contrary, the heavy concrete, RCC block, cement block, laterite, and burnt bricks are the most expensive in terms of operational cost through the building service life. The insulation cost and thermal conductivity also affect the LCC of the building wall types. Rock wool insulation costs around twice the expanded polystyrene although the difference in thermal conductivity is only 0.02 W/m/K. In contrast, their LCC has a notable difference, thereby, optimum insulation thickness of rock wool is lower than expanded polystyrene. This shows that the less quantity of expensive insulation material is required to cope up the building wall heat loss optimally. Moreover, the glass wool is $8/m 3 more expensive than rock wool over the expected lifetime but its thermal conductivity is 0.04 W/m/ K lower than rock wool. The higher initial investment incurs to save more fuel cost by glass wool as opposed to rock wool. As a result, there is a negligible difference in their LCC for respective wall materials. The extruded polystyrene is the most expensive insulation material with the least thermal conductivity among all types of selected insulation materials. Its minimum LCC is approximately equal to glass wool and rock wool, but it has the lowest optimum insulation thickness for all wall types. Among different expensive insulation materials, the insulation price is less effective than its thermal property on the wall's LCC. Therefore, the expensive insulation materials with high thermal resistance should be used for building wall's insulation thickness optimization irrespective of budget constraint. The cheap insulation materials produce more cost savings than expensive insulation materials but higher quantity is required at a given total wall thermal resistance. In addition, their impact on space heating and cooling load is low because thermal resistance increases with higher quantity of insulation along with its good thermal traits. In Figure 6 , the minimum LCC for lightweight construction materials (thermal conductivity under 0.18 W/m 2 K) is estimated to be $14-$15.96/m 2 -year (40-68 mm) for expanded polystyrene and $14.56-$17.49/m 2 -year (2-41 mm) in the case of extruded polystyrene, rock, and glass wool. Contrarily, the wall made up of intermediate thermal resistive materials (0.4-0.7 W/m 2 K), that is hollow brick, mud concrete brick, fire brick, hollow concrete block, and compressed earth block, accounts the minimum LCC of $15.6-$16.7/m 2 -year (76-88 mm) for expanded 44 16.38 17.52 18.16 18.78 18.89 19.27 19.35 19.5 19.54 19.61 19.91 19.98 20.03 Glass wool 14.59 15.42 16.35 17.46 18.09 18.7 18.81 19.18 19.26 19.4 19.45 19.52 19.81 19.88 19.93 Extruded polystyrene 14.59 15.41 16.32 17.43 18.05 18.65 18.76 19.12 19.21 19.34 19.39 19.46 19.75 19.82 polystyrene and $17.5-$19.35/m 2 -year (33-44, 45-59, and 50-65 mm) for extruded polystyrene, glass wool, and rock wool, respectively. The low thermal conductivity wall construction materials have high thermal mass. They are basically recommended for the mild climate region (Sharston and Murray, 2019) because they improve the time lag and decrement factor of the conditioned space. As a result, thermal discomfort decreases. The heavy thermal mass materials offer poor resistance to heat loss. As a consequence, they have high thermal transmission load during both day and night time. They are more beneficial in terms of insulation cost savings. The denser concrete and earthen materials with thermal conductivity above 1 W/m 2 K are investigated with a minimum LCC of $14.39-$26.39/m 2 -year, which is higher than lightweight materials, that is $0-$4.12/m 2 -year. This means that the wall with low thermal conductivity is too sensitive in terms of the insulation application, while insulation materials are less attractive for lightweight construction applications.
Influence of decision variables on the cost savings of the insulated wall. Figure 7 illustrates the effect of insulation material thickness on cost savings for different wall types. The maximum cost saving is estimated for heavy concrete and earthen material wall, while the wall with lightweight materials produced the least cost savings of selected insulation types. The comparison of insulation types shows that the wall insulated with expanded polystyrene has maximum cost saving of US$0.58-US$26.39/m 2 -year (Figure 7(d) ), while others are found to be around US$0-US$23.5/m 2 -year (Figure 7(a)-(c) ). The difference between the cost savings of cheap and pricey insulation material implication in selected wall materials is gradually shrinking with an increment in structural thermal mass. This outcome assures that the expensive insulation materials should be used in dense materials because they halved the insulation quantity, thereby decrease total wall thickness as given in Table 4 . In contrast, the thermal conductivity of expanded polystyrene is higher than extruded polystyrene. Expanded polystyrene produces more cost savings than extruded polystyrene because of its highest total wall thermal resistance. The rate at which cost saving varies with insulation thickness also depends on thermal resistance of both insulation and wall materials. As shown in Figure 7 , the wall material with a low thermal resistance (dense concrete = 0.475°C/W) saves more LCC as opposed to slender materials having high thermal resistance in between 1.1 and 2.13°C/W. As a consequence, the walls having low thermal resistance are insulated with more insulation quantity than one with high thermal resistance. The optimum thermal resistance of wall corresponding to maximum cost savings ranging from high to low thermal resistive structures is estimated around 2. 37-4.24, 2.39-4.11, 2.37-4.73, and 3.33-4 .76°C/W for rock wool, glass wool, extruded polystyrene, and expanded polystyrene, respectively. Insulation types with good thermal traits are the most beneficial in terms of cost savings for selected wall materials. In selected building wall construction materials, the use of extruded polystyrene saves cost in between 0 and US$23.5 followed by rock and glass wool having cost savings of US$0-US$23.33 and US$0.01-US$23.44/m 2 -year, Table 5 . The results' summary of this study and other studies related to optimum insulation thickness for external wall.
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Location ( Cemek (2018) Turkey ( 
Cyprus ( respectively. In such a situation, the insulation materials have little difference in their thermal performance as well as economic benefits, and then, the one with a minimum value of optimum insulation thickness will be preferred. As a consequence, the good thermal-resistive insulation materials save cost at a faster rate than the poor thermal-resistive materials. In contrast, the high thermal conductivity construction materials produce cost saving at a slower rate as opposed to low thermal conductivity construction materials.
Influence of decision variables on the payback period of the insulated wall. Figure 8 exhibits the variation in payback period of the insulation materials such as (a) rook wool, (b) glass wool (c) expanded polystyrene, and (d) extruded polystyrene, which are used in the wall with 15 construction materials. As shown in Figure 8 , the payback period decreases rapidly with insulation thickness up to a minimum value after which the payback period increases with insulation thickness. The minimum value of payback period corresponding to optimum insulation thickness is found to be 208 years for low thermal-resistive walls with rock wool, glass wool, and extruded polystyrene and around 2.3 years for expanded polystyrene. Moreover, the wall structures with high thermal resistance recover insulation cost of rock wool, glass wool, and extruded polystyrene above 10 years. Therefore, it will not be economically feasible to use expensive insulation materials in the high thermal-resistive walls. In contrast, the cheap insulation materials will recover their initial cost by saving energy cost in high thermal-resistive materials above 5 years in the building lifetime. The wall made up of hollow to compressed earth bricks will take between 5.93-2.81, 5.83-2.79, and 5.77-2.77 years to recover the initial investment on rock wool, glass wool, and extruded polystyrene, respectively, while same wall materials recover expanded polystyrene cost with 3.84-2.28 years' time. The payback period of expensive insulation materials is calculated to be around 2-3 years for denser wall material applications, while the cheap insulation material accounts under 2 years for the same wall as given in Table 4 . Hence, it is concluded that the wall made up of high thermal-resistive materials should be kept uninsulated because their associated payback period is very high as opposed to lower thermal resistive materials, which are too sensitive in terms of insulation application. Furthermore, the expensive insulation materials have approximately identical payback period; therefore, the one with a minimum value of optimum insulation thickness will be selected. In contrast, the cheap insulation material may be used economically in all types of the walls because it has a minimum payback period for the selected construction materials.
Discussion: comparison of current results with previous studies
The results of this study are compared to those of the related studies conducted regarding optimum insulation thickness for the exterior wall in different countries and are tabulated in Table 5 . Shanmuga Sundaram and Bhaskaran (2014) used LCC analysis to estimate the optimum insulation thickness of expanded polystyrene, foam board, and foamed polyvinyl chloride (PVC) in between 20 and 114 mm depending on climatic conditions of selected cities. Cuce et al. (2014) optimized the aerogel insulation materials in the exterior wall of the UK's building with an insulation thickness of 22-50 and 34-62 mm for insulated and non-insulated cavity walls, respectively. In Cyprus, Axaopoulos et al. (2015) investigated the influence of wind speed on optimum insulation thickness in each orientation (north, south, east, and west) of the exterior wall. They found that the exterior wall was insulated with expanded polystyrene, extruded polystyrene, and mineral wool of 42-155 mm depending on orientation and fuel types. During the same period, the two different wall materials (hollow and dense concrete blocks) were insulated with expanded polystyrene having an optimum insulation thickness of 96 and 98 mm, respectively. Yuan et al. found that the optimum insulation thickness for the Chinese buildings' exterior wall is between 0 and 135 mm (Gounni et al. 2019) , while Japanese building required an optimum thermal resistance value of 2.5-0 m 2 K/W (Tang et al., 2015) , depending on fuel types, insulation materials, and climatic conditions. Ku¨c xu¨ktopcu and Cemek (2018) reported that CO 2 emissions were reduced by 39.82% in Antalya when extruded polystyrene (12-81 mm) and natural gas were used, whereas Erzurum had the highest value (83.98%) for expanded polystyrene (20-118 mm) and LPG as a fuel. In addition, Alsayed and Tayeh (2019) had investigated the impact of fuel price variation on optimum insulation thickness for Palestine building, which was varying in between 40 and 90 mm depending on insulation materials and fuel types. Huang et al. (2019) investigated that the fuel source of the heating system installed in the building had a significant impact on optimum insulation thickness for exterior wall such as 161.8 and 83.5 mm for natural gas and coal, respectively. When compared to the findings of the abovementioned studies, it is clear that the optimum insulation thicknesses for selected construction and insulation materials are in the same range of those reported in previous studies. The difference between the results of this study (0-95 mm) and other related studies (0-135 mm) occurs because parameters such as insulation types and cost, construction materials, climatic conditions, economic conditions (inflation and interest rate) and fuel types and cost, insulation material service lifetime, and wall structure are different from previous studies.
Conclusion and future recommendations
Summary of results
This study determines the optimum insulation thickness for different building wall construction materials using LCC analysis, cost-savings, and payback period approaches. In total, 4 insulation materials and 15 building wall construction materials were included in the optimization analysis. The findings showed that with increasing thermal conductivity of wall construction materials, the LCC savings of insulation material increase and vice versa. The heavy concrete and earthen materials with higher thermal mass and thermal conductivity showed higher LCC-saving potential compared to lightweight wall materials with comparatively lower thermal conductivity (below 0.18 W/m/K). The insulated lightweight wall structure showed cost savings potential of US$ 0.007 to US$2.5/m 2 -year, which is negligible. As a result, the payback periods of the insulted lightweight walls were found to be above 10 years, which is very high. On the contrary, the earthen and mud concrete materials with higher thermal conductivity (0.4-0.7 W/m/K) resulted in LCC savings of US$5-US$12/m 2 -year with a payback period of 3-6 years. Moreover, the denser wall materials that are used in detached residential buildings and tall buildings have a thermal conductivity of above 1 W/m/K. In this case, LCC savings of US$14-US$26.39/m 2 -year could be achieved if they are insulated with an optimum insulation thickness of 65-95 mm depending on insulation types.
In the case of insulation types, the expanded polystyrene was estimated to be the most economic insulation material with maximum cost savings of US$0.57-US$25.5/m 2 -year and payback period of 5-1.8 years depending on wall materials, despite having higher thermal conductivity compared to other studied insulation materials. The use of expensive insulation types (i.e. rock wool, glass wool, and extruded polystyrene) with low thermal conductivity construction materials is not recommended because of the negligible cost-saving potential.
In conclusion, the use of insulation with lightweight, low thermal conductivity materials is not economically feasible compared to the wall with higher thermal conductivity heavy concrete and earthen materials.
Implication and future research recommendations
The research can be employed to both residential and commercial buildings at the preliminary design stage of the building for a particular climatic region and economic condition. The outcomes will help building designer, architect, and policymakers to consider the energy efficient and cost-effective wall materials for building walls.
The lightweight thermal mass materials have poor dynamic characters (time lag and decrement factor), which should be considered for residential buildings as they are operated intermittently to maintain occupants' thermal comfort (Kisilewicz, 2019) . Therefore, the dynamic characteristic and associated thermal discomfort hours for each selected material should be estimated in future studies. In addition, the lightweight construction materials have higher embodied energy than conventional material (Udawattha and Halwatura, 2016a) . The passive and nearly or netzero energy buildings consume lesser operation energy than the conventional buildings (Ascione et al., 2019b; Harkouss et al., 2018) . Therefore, the building construction materials and insulation types must be selected from life-cycle energy and cost perspective to ensure sustainable built environment.
